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Abstract
Metal organic frameworks have gained much attention due to their tunable pore sizes and very
high surface areas. With the discovery many of these type materials the need has raised to look
into new applications of these porous frameworks. This thesis focuses on the synthesis of a
new perovskite-type metal organic framework and measurement of its thermal conductivity in
search of its applicability as a thermoelectric material. The second part of this work focuses on
the synthesis of a metal organic framework incorporated with a Lewis pair for the first time.
The optimum loading amount of the Lewis pair into the framework was also investigated.
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Chapter 1: Metal Organic Frameworks
1.1 Metal Organic Frameworks
Metal organic frameworks (MOF) which are also known as porous organic polymers have
gained much attention since their applications in gas storage were revealed. Highly tunable
pore sizes, versatile functionalities and their hybrid organic-inorganic nature paves these
materials an infinite amount of possibilities towards new applications.
Comprised of single metal sites or metal clusters known as the secondary building units and
organic linkers these materials have displayed a wide variety of applications ranging from
initial gas storage applications for which they first became famous for to gas separation,
chemical sensing, and catalysis1–3. However, the time has come to widen the horizons for these
materials with new applications and two such applications are discussed below.

Figure 1. 1 Various energy related applications of MOFs, MOF composites and MOF
derivatives. Copyright 2017 Cell Press.
1

1.2 Thermal conductivity of MOFs
Thermoelectric materials have been explored about for a long time due to the fact that many
the daily circumstances where thermal energy that is wasted could be used to generate that
power back. Thermal conductivity is an important thermal property that plays a significant role
in validity of the promising applications of a material and low thermal conductivity is one of
the main requirements for material to be classified as a thermoelectric material. Specially the
accuracy of the total thermal conductivity depends on whether the value was obtained for the
powder form or a single crystal and the directional dependence of this property in a single
crystal calls for the crystals to be defect free. The single crystal thermal conductivity of a
material gives out the accurate physical properties of that material and taking the measurement
of the powder instead of the single crystal lowers the thermal conductivity value than the
accurate value of the material
Although this is the case, for MOF materials it is very difficult to come up with big enough
crystals suitable for thermal conductivity measurements, which are stable without their solvent
environments. Many of the stable MOFs are obtained as polycrystalline powder. However, to
measure the crystal thermal conductivity, the material has to meet specific conditions
regarding the physical and mechanical properties of the material. Since metal wires need to be
physically attached to the crystal, the size of it has to be at least in the millimeter range.
Obviously, this brings out an obstacle for MOF crystals since most of them quite smaller than
what they are demanded to be of.
Many MOFs are synthesized by using hydrothermal conditions and often kept in solvents to
prevent the framework from collapsing. However, to measure the thermal conductivity of
crystal, a very low vacuum is applied to it and thereby eliminating the radiation heat loss.
2

Surviving these ultra-low vacuum conditions become a big challenge to MOFs and this
prevents most of these materials being measured of their crystal thermal conductivity.
Theoretical and computational studies are available for single crystal thermal conductivity of
MOFs4,5but, the only reported experimental values are that for MOF-5 single crystals6. Hence
MOF materials are in dire need of data for their thermal conductivities and this may be
preventing them from being applied in a numerous other application because of the lack of data
for one of the most fundamental properties of a material.
1.3 MOFs for heterogeneous catalysis
As discussed above, MOFs can actively participate in a catalytic reaction by using its active
metal sites, functional groups on the organic ligands and by proving its porous environment for
the reaction to take place. The metal centers on MOFs exist as single metal sites or as clusters.
When the framework contains only one type of metal, the metal nodes act as both a structural
component as well as a center for catalysis. However, when there is more than one type of
metal are involved in the framework architecture, one metal acts as the catalytically active site
(M1) while the other site may simply exist as a structural component (M2) and not participate
in catalysis in a direct manner.7
The functional groups located on a MOF are capable of participating in a catalytic reaction as
long as it retains the necessary functionality by not contributing towards the structural aspect
of the framework. Hence, there are always two types of functional groups in such kind of a
MOF where one coordinates with the metal site to build up the porous framework while the
other remains as a reactive group to participate in the heterogeneous catalysis7.

3

Figure 1. 2 Representation of (a) a Monometallic MOF with Only One Type of Metal Center
(M) and (b) a Bimetallic MOF with Both Structural (M2) and Catalytic (M1) Sites7.
The free space inside the pores of the framework can provide an environment for a reaction to
take place while being controlled by the physical conditions provided. It can also be used as
means to encapsulate the catalysts to convert the reaction from homogeneity towards
heterogeneity so that the catalyst can be recycled7.
1.4 Summary
Due to wide array of possibilities for the MOFs to be tuned towards their demanded
applications these porous materials become ideal candidates to be used in exploring new
applications. Their application as heterogeneous catalysts have already been proved to be
exceptional and the use of these materials in thermoelectric devices have yet to overcome
several obstacles.

1.5 References
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Chapter 2: Thermal Conductivity of a Perovskite-type MOF Crystal
2.1 Introduction to perovskite-type MOFs
2.1.1 Perovskite structure and hybrid perovskites
Perovskites are a class of materials with the same crystal lattice structure as the naturally
occurring mineral perovskite. A general formula of ABX3 where cations that are represented
by A occupy the cavities made by octahedrons made up of 6 oxygen atoms which are
represented by X. The smaller metal cations represented by B occupy the centers of the
octahedrons. The hybrid inorganic-organic perovskites came to light when organic cations
were included in the pores instead of typical metal cations.
With the upcoming highly efficient solar cells, research on properties of hybrid perovskites has
been under the spotlight. Their easy-to-make crystals and thermal stability make these
materials great candidates for multiple research disciplines. The porous property of these
materials provides potential applications in chemical sensing and gas catalysis fields6.
Therefore, the combination of porosity and perovskite structure could produce a
multifunctional material, but it is difficult to achieve this goal within the current bounds of
perovskite research.
2.1.2 Perovskite-type MOFs
As crystalline porous materials, metal-organic frameworks (MOFs) exhibit various applications
in the fields of gas storage, separation, catalysis, and chemical sensing7-10. Among the
numerous MOFs, 3-D structures with perovskite topology called perovskite MOFs, show
6

special magnetic and electronic properties11–19due to their negatively charged frameworks with
cations displaying order/disorder behaviour. In fact, this type of MOF could create the ideal
combination of porosity and perovskite structure.
Figure 2. 1 Perovskite structure of CH3NH3PbI31

2.1.3 Thermal conductivity of materials with perovskite structure
Thermal conductivity is one of the fundamental material properties that have gained attention
in the past few decades due to its energy-related thermal applications. To date, it has been
widely applied in different fields from thermal insulation to thermoelectricity and energy
storage1-5.
Thermal conductivity is generally measured as a bulk property of a material due to the
challenges in sample preparation and actual measurement techniques involved. In comparison
with the powder thermal conductivity, bulk crystal thermal conductivity reveals the thermal
properties of a material at its molecular structural level. Although there is data available for the
thermal conductivity of hybrid perovskites, MOF crystals are still in great need of these
7

measurements. To the best of our knowledge, there is no report on the thermal conductivity of
perovskite MOFs until now.
Herein, we have constructed a new perovskite MOF by using the cobalt ions, formate ligand,
and hydrazinium cation, and, for the first time, investigated the bulk crystal thermal
conductivity measurement of a perovskite MOF material. The single crystal X-ray diffraction
at different temperatures was also tested to confirm the phase transfer phenomenon.
2.2 Experimental procedures
2.2.1 Syntheses
All chemicals used for the syntheses were reagent grade and were used as received from the
commercial sources. The solvents for syntheses and sample washing were used without further
purification.
Synthesis of perovskite polymorph [NH2NH3][Co(HCOO)3] (1) (space group: pna21):
By using solvent diffusion, Co(NO3)2.6H2O (1.0 mmol, 0.291 g) in 5.0 mL methanol solution
was layered onto 5.0 mL of methanol with formic acid, 95% (78 mmol, 3.2 mL) and hydrazine
monohydrate, 98% (6.2 mmol, 0.6 mL). Magenta colored big rectangular crystals appeared
after 24 hours. After separating the crystals from the mother solution, regular shaped
rectangular crystals were picked out of the bulk phase. The crystals were washed with fresh
reagent grade ethanol11.
Synthesis of perovskite polymorph [NH2NH3][Co(HCOO)3] (2) (space group: pnma):
(1) Was heated up to 353 K to obtain (2). Phase transformation of the structure was determined
by single crystal X-ray crystallography11.
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2.2.2 Infrared spectroscopy (IR)
IR spectra for an original sample at room temperature was recorded on a Perkin Elmer UATR
TWO FT-IR instrument.
2.2.3 Powder X-ray diffraction (PXRD) studies
Powder X-ray diffraction measurement was obtained for an as-synthesized sample of the
polycrystalline bulk material using a Bruker D8 Advance theta-2theta diffractometer with Cu
radiation (Cu Kα, λ = 1.5406 Å)11.
2.2.4 Thermogravimetric analysis (TGA)
A TA instruments TGA Q50 was used to analyze the sample from room temperature to 753 K
at a heating rate of 10 ⁰C/min11.
2.2.5 Differential scanning calorimetry (DSC) measurements
A TA instruments DSC Q20 was used for the analysis of a 10.0 mg sample of (1) consisting of
pure crystals, from 313 K to 403 K at a heating rate of 10oC/min and cooling rate of 5oC/min11.
Four continuous cycles of measurements were done to confirm the phase transformation and
stability of the crystals.
2.2.6 In-situ variable temperature single crystal X-ray diffraction (SCXRD) studies
The X-ray diffraction data for one crystal of (1) were measured at different temperatures on
Bruker D8 Venture PHOTON 100 CMOS system equipped with a Cu Kα INCOATEC ImuS
micro-focus source (λ = 1.54178 Å) and Oxford 700 Cryostream Cooler (80K to 400K)11.

2.2.7 Thermal conductivity measurements
Regular cuboid shaped crystals of mm size were selected from an as-synthesized sample and
were washed with fresh solvent to remove any impurities from the crystal surfaces. The crystals
9

were dried off immediately and were subjected to a vacuum for 3 hours. Defect free crystals out
of these were selected under a microscope and a tip of pair of tweezers was placed on each of
the crystals to check their ability to withstand physical pressure. A crystal that had a good
ruggedness was selected for the thermal conductivity measurement.
Thermal conductivity measurements were obtained in collaboration with Dr. Kaya Wei and
Dr. George Nolas at the University of South Florida. A custom designed radiation-shielded
vacuum probe with an approximate 8% experimental uncertainty was used to measure the
steady state thermal conductivity of a cuboid shaped crystal along its c-direction12,13 from 300
K to 12 K.

Figure 2. 2 Perovskite-type MOF 1 crystal with test wires attached for the thermal conductivity
measurement (left) and the original crystals of 1 (right)11 Copyright 2017 Royal Society of
Chemistry.
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2.3 Results and discussion
2.3.1 IR

Figure 2. 3 IR spectrum of perovskite type MOF 111 Copyright 2017 Royal Society of
Chemistry.

2.3.2 PXRD

Figure 2. 4 PXRD of perovskite-type MOF 1(black) compared to the calculated diffraction
pattern (red) from SCXRD studies11 Copyright 2017 Royal Society of Chemistry.
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Powder X-ray diffraction studies done on the bulk phase of the crystals obtained were in
agreement with the results obtained from single crystal X-ray crystallography. The peak patterns
of the PXRD of the sample matched with the calculated patterns obtained from the SCXRD
measurements.
2.3.3 TGA

Figure 2. 5 Thermogravimetric analysis of 111 Copyright 2017 Royal Society of Chemistry.
The crystal sample was stable up to 433 K and a 34.3% weight loss was observed at 544 K.
Hence this structure shows a higher thermal stability compared to the other types of hybrid
perovskite materials which decompose below 373 K14,15. The weight occurs in two sub-steps
and this corresponds to the loss of NH2NH3.HCOO from the crystal structure.

12

2.3.4 DSC measurements

Figure 2. 6 DSC curve of 111 Copyright 2017 Royal Society of Chemistry.
The four consecutive cycles of measurements showed that this structure displays a phase
transition. The DSC thermogram exhibits endo/exothermic peaks at 350.5/348.1 K, which
indicates that a phase transition indeed exists in the heating process. The related thermo
gravimetric analysis (TGA) also confirm this phenomenon by the fact that the structure does
not start decomposing until 433K.
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2.3.5 In-situ variable temperature SCXRD

Figure 2. 7 a) Structure of perovskite MOF 1. Blue – Nitrogen, White – Carbon and Green
octahedrons stand for CoO6.b) Distorted perovskite topology of the structure (cations have
been omitted for clarity)11 Copyright 2017 Royal Society of Chemistry.
The crystal X-ray diffraction measurement indicated that the material was crystallized in
orthorhombic Pna21 space group and the formula of it is described as [NH2NH3][Co(HCOO)3]
(1).
As shown in Figure 2.7 a, eight Co ions occupy the vertices of the lattice which are joined by
formate ligands in a pcu topology (Figure 2.7 b) where the counter cations [NH2NH3]+ occupy
the channels of the framework, thus constructing a perovskite-like structure.
The in-situ variable-temperature SCXRD technology was utilized to study the details of the
phase transition of 1. Based on the results of the DSC measurement, 100K, 200 K and 300 K
were chosen as the test temperatures to investigate the structure change of 1 after the phase
transition. The crystal data obtained for the crystal at different temperatures is listed under
Appendix. Up until 300K the crystal showed no structural differences confirming the fact
14

that there was no phase transition displayed on DSC thermogram between 100 K and 300 K.
As expected, when the temperature rose to 363 K, the space group of crystal 1 changed from
Pna21 to Pnma. The slightly distorted framework is straightened after the phase transition and
the orientation of the [NH2NH3]+ cation changed and affected the symmetry of the whole
crystal.
Table 2. 1 Cell parameters of single crystal 1 at different temperatures Copyright 2017 Royal
Society of Chemistry.

Temperature(K)

100

298

353

393

a(Å)

8.651

8.659

8.573

8.565

b(Å)

7.727

7.764

7.844

7.867

c(Å)

11.488

11.553

11.631

α = β = γ (deg)

90

90

90

11.64
2
90

V(Å3)

767.93

776.71

782.06

784.4
8

Figure 2. 8 The cations in perovskite-type MOF 1 at different temperatures11 Copyright 2017
Royal Society of Chemistry.
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As observed in the structures reported by Chen et al.16, cation disorder occurs in 1 at higher
temperatures and the symmetrical rotational movement of the NH2 end of the cation introduces
another mirror plane to the structure, thus straightening it out. With a framework that
combines the features of a MOF and a perovskite, it was presumed that this may retains the
advantages of traditional perovskite materials, such as lower thermal conductivity.
2.3.6 Thermal conductivity of perovskite-type MOF (1)

Figure 2. 9 Thermal conductivity of perovskite-type MOF 111 crystal along c-direction
Copyright 2017 Royal Society of Chemistry.
As shown in Figure 2.8, the thermal conductivity value of perovskite MOF-1 is 1.3 W/m-K at
room temperature. This value is higher than that of MOF-517–19. This may be due to the fact
that 1 has a relatively small pore size as compared with that of MOF-5 such that the phonon
mean free path is affected by the decrease in the pore size. As shown in Figure 2.8, the
16

temperature-dependent thermal conductivity displays typical dielectric behavior. It increases
with up to a peak value of
2.5 W/m-K until 40 K when the temperature is increased. Afterwards it decreases until
temperature reaches its maximum measured value. Umklapp appears to be the dominant
phonon-scattering mechanism above 40 K, as indicated by the 1/T behavior (the curve fit
shown in Figure 2.8), while below 40 K the thermal conductivity has a T3 temperature
dependence indicates that the thermal conductivity is affected by the boundary scattering of
phonons primarily in this temperature range20.
This type of temperature dependence was also observed for MOF-5, where pore size plays an
important role in affecting the phonon mean free path of the crystals17,19. Compared with most
perovskite materials, however, the room temperature thermal conductivity (1.3 W/(Km)) is
very low.
Table 2. 2 Comparison between the reported values for bulk crystal compounds and this work11
Copyright 2017 Royal Society of Chemistry.
Compound
Co0.9Fe0.1Sb3 (Lattice thermal conductivity)9

Thermal Conductivity
at 300K
(W/m-K)
~ 3.5

Co0.995Ni0.005Sb3(Lattice thermal conductivity)9

~ 5.5

Yb0.5Co4Sb11.5Sn0.5(Lattice
conductivity)10
Zr0.5Hf0.5NiSn(Annealed for 2 days)11
This work

thermal ~ 2.5
~ 4.0
1.3

Bi2Te3(Lattice thermal conductivity in the plane ~ 1.4
of the a axes)12
CH3NH3PbI313
0.5

17

2.3 Summary
In conclusion, we obtained temperature dependent crystal thermal conductivity values for a
perovskite MOF for the first time. Perovskite MOF 1 exhibits low thermal conductivity of 1.0
W/(Km) at room temperature and is lower than most of the perovskite materials. The in-situ
SCXRD technology was used to investigate the phase transition behaviour for Perovskite
MOF 1. As one of the novel perovskite materials, this perovskite MOF has combined porosity
with the perovskite structure, thus generating a promising material with potential applications
in thermoelectric devices.
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Chapter 3: Incorporation of a Lewis Pair into a MOF
3.1 Introduction
Lewis acid/base chemistry is one of the fundamental concepts all students learn early on in
their academic studies. The donation of non-bonding electrons by a Lewis basic atom to another
electron lacking atom results in a classical Lewis pair. Group 15 elements in the periodic table
such as N and P are known to act as Lewis bases while group 13 elements tend to act as Lewis
acids. Introduction of the concept of frustrated Lewis pairs by Stephen and co-workers1 shed
new light onto this field when it introduced the interactions that occur between bulky Lewis
acids and bases. These Lewis acids and bases do not form the typical adducts that are seen
between a common Lewis acid and a base due to their inability to get close enough to make a
coordination happen between them. However, it has also been noticed that some of the bulky
Lewis acids do have the ability to make an adduct with a Lewis base if the base is small
enough to reach the Lewis acid.
Lewis pair chemistry has been a wide research area due to the applicability of these in both
theoretical and synthetic chemistry equally2–4. Wide use in catalytic polymerization and
catalytic reduction has made these Lewis pairs a constantly looked at concept in recent
years5,6. However, their applicability in industry has been reduced due to their instability and
loss of catalytic activity after recycling. Moreover, the use of any of these highly expensive
Lewis acids at a large-scale reaction process would certainly need the recycling component to
be present in it. As a strategy to overcome this challenge, using a porous material to support
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and stabilize the catalyst was proposed. MIL-101(Cr), Cr3(OH)O(BDC)3 (BDC = 1,4benzenedicarboxylate), was selected to be used as the porous framework to support the Lewis
pair. Large pore sizes and cages to make the entrance of bulky molecules into the framework
and the high stability of the material7 were very important deciding factors in choosing this as
the support for the Lewis pair.

Figure 3. 1 Structure of MIL-101(Cr) (a) cluster building unit (trimer of chromium octahedra) and the 1,4benzendicarboxylate ligand, forming the hybrid super tetrahedron; (b) pentagonal (left) and larger hexagonal
(right) windows and (c) the two types of mesoporous cages; (d) Schematic 3D representation of the MTN
zeotype architecture (small cage is highlighted in green and large one is highlight in red); (e) a clear
octahedral morphology with an average crystal size of ~1.0 µm8 Copyright 2017 Royal Society of Chemistry.
3.2 Experimental procedures
All chemical used for the syntheses were of reagent grade and were used without further
purification in their purchased state.
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3.2.1 Syntheses
Synthesis of MIL-101 (Cr):
A dark blue suspension comprising of Cr(NO3)3.9H2O (1.0 g, 2.5 mmol), terephthalic acid
(0.46 g, 2.5 mmol) and 10 mL of de-ionized water that was sonicated for a little while was put
in a Teflon-lined autoclave bomb and kept for 18 h at 218 ⁰C. After allowing the fine green
crystals to cool down to room temperature, the mother solution was separated out of it by
centrifugation and washed with water methanol and acetone. The crystals were then soaked in
DMF (10 mL), sonicated and kept overnight at 75 ⁰C. The resulting suspension was
centrifuged to remove DMF and the crystals were washed with methanol and acetone. After
drying under a temperature of 75
⁰C overnight, the crystals were degassed at 120 ⁰C for 12 h on a de-gas station of a surface area
and porosity analyze7.
Synthesis of MIL-101(LP1):
In a glovebox, a solution of Tris(pentafluorophenyl)borane (80 mg, 0.1 mmol) in pentane was
added to 100 mg of degassed MIL-101 under vacuum conditions. Immediately afterwards, tritert- butyl phosphine (16.0 mg, 0.25 mmol) was added to these crystals and mixture was kept
unstirred for 12 h. The crystals were centrifuged and washed with dry pentane 3 times. After
vacuuming the sample, H2 adsorption for the sample was determined.
Synthesis of MIL-101(FLP):
In a glovebox, 70 mg of degassed MIL-101 were added to a solution of 2,6-dimethylpyrazine
(PYZ) (6.1 mg, 0.05 mmol) in acetone. The MOF crystals were kept for 12 h so that they were
completely soaked in the PYZ solution. The crystals were centrifuged and washed with
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acetone 3 times. Tris(pentafluorophenyl)borane (26.0 mg, 0.05 mmol) in pentane was added to
these crystals and mixture was stirred for 12 h. The crystals were centrifuged and washed with
acetone 3 times.
Synthesis of MIL-101(LP)-n:
In a glovebox, 20 mg of degassed MIL-101 were added to a solution of DABCO in toluene.
The MOF crystals were kept for 12 h so that they were completely soaked in the DABCO
solution. The crystals were centrifuged and washed with dry toluene 3 times.
Tris(pentafluorophenyl)borane in toluene was added to these crystals and mixture was stirred
for 12 h. After centrifuging and washing with dry toluene for 3 times, the sample was
vacuumed and was used for the catalytic reaction9.
Synthesis of MIL-101(LP)-1 (0.5 mmol of LP/ 1g of MOF):
According to the general procedure, the sample was prepared with a DABCO (1.3 mg, 0.012
mmol) solution and a Tris(pentafluorophenyl)borane (7.7 mg, 0.015 mmol) solution. After
centrifugation and washing with dry toluene, the sample was vacuumed to be used for the
catalytic reaction9.
Synthesis of MIL-101(LP)-2 (0.75 mmol of LP/ 1g of MOF):
According to the general procedure, the sample was prepared with a DABCO (2.5 mg, 0.022
mmol) solution and a Tris(pentafluorophenyl)borane (10.2 mg, 0.02 mmol) solution. After
centrifugation and washing with dry toluene, the sample was vacuumed to be used for the
catalytic reaction9.
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Synthesis of MIL-101(LP) (1.0 mmol of LP/ 1g of MOF):
According to the general procedure, the sample was prepared with a DABCO (2.5 mg, 0.022
mmol) solution and a Tris(pentafluorophenyl)borane (15.4 mg, 0.03 mmol) solution. After
centrifugation and washing with dry toluene, the sample was vacuumed to be used for the
catalytic reaction9.
3.3 Results and discussion
3.3.1 MIL-101(LP1):
The stepwise introduction of the Lewis pair into the MOF proved to be a challenge mainly due
to the steric effects of the bulky Lewis acid and the Lewis base. Even though the introduction
of Lewis base was achieved during the first step of the process, it was observed that the loaded
try- tert-butyl phosphine started leaching out of the MOF when the introduction of the Lewis
acid was attempted afterwards. The liquid 1H NMR characterizations of the solution during the
process showed no sign of formation of a Lewis pair. Hence, using a less bulky Lewis base to
reduce the steric hindrance to encourage the entrance of the molecules into the porous
framework was suggested. Due to the leaching phenomenon of the Lewis base, anchoring a
Lewis pair inside the MOF deemed to be more appropriate.

Figure 3. 2 Stepwise strategy to graft the Lewis acid and base onto MOF. Copyright 2018 Cell
Press.
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A process of anchoring a Lewis base inside the MOF by taking advantage of its open metal
sites and forming a Lewis pair inside the pores was proposed. To achieve this goal, a Lewis
base with two possible coordination sites had to be used. Geier et al.10 reported a Lewis pair
system where 2,6-Lutidine together with B(C6F5)3 formed a classical Lewis acid base adduct
and a frustrated Lewis pair in the presence of H2. As a way of modifying the Lewis base,
Substitution of 2,6- dimethylpyrazine in place of 2,6-lutidine was proposed to make two
coordination sites available in the same molecule. The Lewis pair comprised of 1,4diazabicyclo[2.2.2]octane (DABCO) and B(C6F5)3 reported by Eros et al.11 deemed to be
another choice to achieve this goal.
3.3.2 MIL-101(FLP):

Figure 3. 3 Expanded IR spectrum for the prepared MIL-101(FLP).
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To characterize the existence of Lewis pair attached to the MOF nitrogen adsorption and IR
studies were performed. The reduction of the surface area of the MOF indicated the
existence of guest molecules inside the framework. The shift of the peaks towards a higher
wave number around 1450 cm-1 on the IR spectrum indicated the interaction between the Cr
metal centers and N of the Lewis base. Appearance of new peaks around 3000 cm-1
corresponded to the aliphatic C-H stretching vibrations of the 2,6-dimethylpyrazine. However,
~1300 cm-1, ~1000 cm-1 and ~780 cm- 1 peaks characteristic to B-N single bonds were absent in
the IR spectrum obtained for the sample hinting at a possible inability of the Lewis acid and
base to form an adduct.

Figure 3. 4 The electron density distribution on each of the molecules, 2,6-dimethylpyrazine
(left), Cr-2,6-dimethylpyrazine (middle) and 2,6-lutidine(right) shown as a charge.
A computational study done to investigate the electron density on each atom of the Lewis base
before and after the attachment of Cr metal center compared to that of the atoms of 2,6-lutidine
revealed that the formation of a Lewis pair between 2,6-dimethylpyrazine and B(C6F5)3 might
be uncertain. The electron density on the sterically hindered N dramatically decreases upon
attachment of the metal canter to the other N atom. Compared to the electron density on 2,626

lutidine sterically hindered N atom, this becomes more than a 50% reduction of its potential to
act as a Lewis base towards B(C6F5)3. Hence the idea of using 2,6-dimethylpyrazine as a
Lewis base substitute was concluded to be not realistic. However, this study showed the
importance of the consideration of high electron density on the Lewis base center when a
Lewis acidic metal center gets attached to elsewhere on the same molecule.
3.3.3 MIL-101(LP):
Classified as a strong Lewis base, DABCO could retain the nucleophilic ability of both N
atoms on the molecule even after anchoring the molecule onto a porous framework by using an
open metal site. The Lewis base and Lewis acid were introduced into dehydrated MIL-101 in a
stepwise manner and the MIL-101(LP) sample was characterized afterwards.

Figure 3. 5 (a) PXRD of MIL-101(Cr) and MIL-101(Cr)-LP. (b) N2 sorption isotherms of MIL101 and MIL-101(Cr)-LP at 77 K. Copyright 2018 Cell Press.
Gas sorption measurement were obtained by using a Micromeritics ASAP 2020 surface area
and porosity analyzer and PXRD patterns were recorded on a Bruker D8 Advance X-ray
diffractometer using Cu Ka radiation.
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The phase purity of the synthesized MIL-101was confirmed by using PXRD studies and it
could be seen that the crystallinity of MIL-101 was retained even after the introduction of
Lewis pair into it. The reduction of the Brunauer-Emmett-Teller (BET) surface area of MIL101 from 2724 m2/g to 1013 m2/g showed that the there are Lewis pair molecules obstructing
the pores of MIL101. This was further confirmed by the fact that the pore sizes of the MOF reduced after the
incorporation of Lewis pair into it9.

Figure 3. 6 Pore size distribution of a) MIL-101 d b) MIL-101 (LP). Copyright 2018 Cell Press.
Fourier transform infrared (FTIR) spectroscopic analysis was used to confirm the attachment
of the Lewis pair onto the MOF. The FTIR spectra obtained for the MIL-101(LP) samples
showed appearance of new peaks around 2800-3200 cm-1 which correspond to the aliphatic CH stretching vibrations from the Lewis pair that was introduced into the MOF. The shift of the
peaks from 2899 cm-1 to 2970 cm-1 and from 2950 cm-1 to 3021 cm-1 hints towards the
coordination interactions occurring between the LP and the MOF12,13. The shift of Cr(2p1/2))
and Cr(2p3/2)) ca. 0.58~2 eV towards higher binding energy on the X-ray photoelectron
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spectra (XPS) obtained point towards increase of electron density on Cr (III) metal center
which in turn suggests the coordination interactions that occur between Cr open metal sites
and N nucleophilic centers of DABCO. F and N elements which could only be introduced to
the MOF though the Lewis pair shows up on the survey XPS spectra obtained for MIL101(LP) further confirms this fact9.

Figure 3. 7 Characterization of Anchored LP in MIL-101(Cr)-LP
Infrared spectra of MIL-101(Cr), LP, and MIL-101(Cr)-LP.
b. Cr(III)2p XPS spectra of MIL-101.
c. Cr(III)2p XPS spectra of MIL-101(Cr)-LP.
d. Survey XPS spectra of MIL-101 and MIL-101(Cr)-LP.
a.

The scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
images obtained for the prepared samples of MIL-101(LP) show MOF crystals of average
diameter of ~ 100 nm. All crystals appear to be of regular shaped and a uniform distribution of
F, N elements can be seen on the high-angle annular dark field scanning (TEM) mapping
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images obtained for MIL-101(LP) crystals. This shows that the Lewis pair is indeed evenly
distributed throughout the pores of the MIL-1019.

Figure 3. 8 Morphology Characterization and Element Distribution of MIL-101(Cr)-LP SEM
image (A), TEM image (B), and HAADF-STEM image of MIL-101(Cr)-LP with the
corresponding elemental mapping images (C). Copyright 2018 Cell Press.
3.3.3.1 Catalytic activity of MIL-101(LP)
The catalytic activity of the prepared MOF (LP) sample was tested by using the reported
homogeneous reaction by Eisenberger et al.14. The samples containing varying amounts of
Lewis pair were used for the catalytic reaction and the products were detected by using liquid
1

H NMR. As shown in table 3.1, MIL-101(LP) gave the highest yield for the imine reduction

reaction. A pristine MOF sample was also subjected to the same reaction conditions without
any Lewis pair in it and the absence of the product depicted the fact the reduction of the imine
indeed was carried out as result of the catalytic action of the anchored Lewis pair in other
samples.
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Table 3. 1 Investigation of optimum loading amount of Lewis Pair into MOF. Copyright 2018
Cell Press.

Entry

Catalyst

Yielda

1

MIL-101(Cr)

0%b

2

MIL-101(Cr)-LP-1

83%

3

MIL-101(Cr)-LP-2

91%

4

MIL-101(Cr)-LP

100%

The MOF (LP)-n samples were subjected to elemental analysis to confirm the amount of Lewis
pair that was incorporated into each of those samples.
Table 3. 2 Elemental analysis of MIL-101 (LP)-n. Copyright 2018 Cell Press.

MIL-101(Cr)-LP

Element

1.65

Calculated
(%)
1.71

2.33

2.03

43.97

44.32

Measured Weight (%)
1.01

Calculated
(%)
1.06

H

2.32

2.05

C

43.65

43.88

Measured Weight (%)

N

/ MIL-101(Cr)-LP2
H
1 mmol/g

C
Element

MIL-101(Cr)-LP-1 N
0.5 mmol/g

Element

Measured Weight (%)

MIL-101(Cr)-LP-3

N

2.39

Calculated
(%)
2.49

2 mmol/g

H

2.14

2.01

C

44.59

44.84
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Weight

Weight

Figure 3. 9 1H NMR spectrum of the product after catalytic imine reduction by using MIL-101
(LP) Copyright 2018 Cell Press
3.4 Summary
a new concept of achieving heterogeneous catalysis by utilizing MOF as an anchor was
introduced for the first time. Catalytic imine reduction was done by using the newly
synthesized catalyst. Excellent catalytic performance was observed for the above substrate.
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Chapter 4: Conclusions and Outlook
4.1 Summary and conclusions
This thesis presents research work in search of new applications of MOFs and synthesis and
measurement of their physical properties. This work has focused on two such applications
namely measurement of thermal conductivity of a new perovskite-type MOF material and
incorporation of a Lewis pair into a MOF for heterogeneous catalytic applications.
The newly synthesized perovskite-type MOF undergoes a phase transition from pna21 to pnma.
A very good set of data for thermal conductivity of the material collected displays a value of
1.0 W/m-K at room temperature. The value is much lower than the other reported values for
bulk materials typically used for thermoelectric application thus displaying potential
applications in thermo electrics for the materials.
A system of MOF with an anchored Lewis pair was successfully synthesized and the optimum
loading capability of the Lewis pair into the MOF was also investigated. This work is the first
introduction of a Lewis pair in stepwise manner to establish a heterogeneous environment for
an otherwise homogeneous catalytic reaction that involves a Lewis pair.
4.2 Future work
The MOFs have a long way ahead of them before any of these materials can be applied as
thermoelectric materials. Synthesis of new perovskite-type MOF materials in search of the best
combination of thermal and electric properties need to be carried out to achieve this goal.
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Lewis pair can be incorporated into the MOFs through the functional groups on the organic
linkers as well. Post synthetic modification of a MOF to attach a Lewis acid/base can be done
and making the MOF act as part of the Lewis pair itself is also an exciting avenue that can be
pursued.
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Appendix

Table A 1 Crystal data and structure refinement for Co_formate_100K.
Identification code
Co_formate_100K
CCDC number
1565711
Empirical formula
C3H8CoN2O6
Formula weight
227.04
Temperature/K
100
Crystal system
orthorhombic
Space group
Pna21
a/Å
8.6505(2)
b/Å
7.7272(2)
c/Å
11.4884(3)
α/°
90
β/°
90
γ/°
90
3
Volume/Å
767.93(3)
Z
4
3
ρcalcg/cm
1.964
-1
μ/mm
17.629
F(000)
460.0
Crystal size/mm3
0.114 × 0.097 × 0.058
Radiation
CuKα (λ =
1.54178) 2Θ range for data collection/°
7.696
to 154.676
Index ranges
-10 ≤ h ≤ 10, -9 ≤ k ≤ 9, -14 ≤ l ≤ 14
Reflections collected
11215
Independent reflections
1597 [Rint = 0.0794, Rsigma =
0.0472] Data/restraints/parameters 1597/6/131
Goodness-of-fit on F2
1.041
Final R indexes [I>=2σ (I)]
R1 = 0.0321, wR2 =
0.0684 Final R indexes [all data] R1 = 0.0423, wR2 =
Å
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Table A 2 Crystal data and structure refinement for Co_formate_298K.
Identification code
CCDC number
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3
Flack parameter

Co_formate_298K
1565714
C3H8CoN2O6
227.04
298
orthorhombic
Pna21
8.6592(3)
7.7641(2)
11.5528(4)
90
90
90
776.71(4)
4
1.942
17.430
460.0
0.114 × 0.097 × 0.058
CuKα (λ = 1.54178)
7.652 to 154.234
-10 ≤ h ≤ 10, -9 ≤ k ≤ 9, -14 ≤ l ≤ 14
11359
1620 [Rint = 0.0993, Rsigma = 0.0595]
1620/6/119
1.046
R1 = 0.0388, wR2 = 0.0858
R1 = 0.0563, wR2 = 0.0951
0.56/-0.42
-0.001(7)
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Table A 3 Crystal data and structure refinement for Co_formate_353K.
Identification code
CCDC number
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3

Co_formate_353K
1565712
C3H8CoN2O6
227.04
353
orthorhombic
Pnma
8.5725(2)
11.6308(3)
7.8437(2)
90
90
90
782.06(3)
4
1.928
17.311
460.0
0.114 × 0.097 × 0.058
CuKα (λ = 1.54178)
13.616 to 153.856
-10 ≤ h ≤ 10, -14 ≤ k ≤ 14, -9 ≤ l ≤ 9
11448
864 [Rint = 0.0527, Rsigma = 0.0198]
864/6/74
1.132
R1 = 0.0278, wR2 = 0.0639
R1 = 0.0346, wR2 = 0.0676
0.18/-0.49
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Table A 4 Crystal data and structure refinement for Co_formate_393K.
Identification code
CCDC number
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3

Co_formate_393K
1565713
C3H8CoN2O6
227.04
393
orthorhombic
Pnma
8.5650(9)
11.6420(12)
7.8673(8)
90
90
90
784.48(14)
4
1.922
17.257
460.0
0.114 × 0.097 × 0.058
CuKα (λ = 1.54178)
13.584 to 144.888
-10 ≤ h ≤ 10, -14 ≤ k ≤ 14, -9 ≤ l ≤ 9
11333
823 [Rint = 0.0561, Rsigma = 0.0200]
823/7/74
1.114
R1 = 0.0263, wR2 = 0.0601
R1 = 0.0353, wR2 = 0.0655
0.18/-0.44
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